The adsorption of manganese(II) ions from aqueous solution onto three different granular activated carbons treated with ethylenediamine tetraacetic acid (EDTA) and its sodium salt was investigated. Characterization of the chelate-treated carbons showed that EDTA altered the physical and chemical properties of the sorbents relative to their untreated counterparts. Furthermore, the modified sorbents exhibited a heightened capacity towards the adsorption of Mn(II) ions from aqueous media. Manganese(II) ion removal increased from 0 to 6.5 mg/g for the lignite coal-based sorbent, from 3.5 to 14.7 mg/g for the wood-based sorbent and from 1.3 to 7.9 mg/g for the bituminous coal-based sorbent. The increased removal is attributed, in part, to the creation of Lewis base sites that participate in covalent interactions and hydrolysis reactions.
INTRODUCTION
The adsorption of cations by activated carbon has been attributed historically to ion exchange and surface complexation with Brönsted acid groups (e.g. carboxyl) on the surface of the carbon. It follows, therefore, that increasing the number of Brönsted acid groups would enhance adsorption. For this reason, some researchers have attempted to saturate the carbon surface with functional groups by pre-adsorbing certain organic compounds which are known to chelate metals (Lakov et al. 1999; Ravindran et al. 1999; Monser and Adhoum 2002; Chen et al. 2003; Üçer et al. 2005) .
The treated carbons in these cited studies exhibited between two-and 10-times greater adsorption of metal ions. For example, Ravindran et al. (1999) found that pre-adsorbing 8-hydroxyquinoline (oxine) onto Calgon F400 -a bituminous coal-based commercially-available activated carbon -increased the capacity of the carbon towards Cd(II), Zn(II) and Pb(II) ions by at least one order of magnitude. These authors advanced the view that the organic portion of the chelating agent sorbed to the activated carbon through π-π interactions, leaving functional groups available to chelate the aqueous metals.
Whilst we agree with this suggestion, we further propose that chelating agents such as ethylenediamine tetraacetic acid (EDTA) have the potential to alter the physical and chemical properties of the sorbent, thereby influencing the extent of metal ion adsorption. In the present study, three commercially-available activated carbons were contacted with the hexadentate chelating agent EDTA and the resulting chelates characterized. In addition, the adsorption of Mn(II) ions by the EDTA-treated sorbents was also investigated.
EXPERIMENTAL

Materials
The following three commercially-available granular activated carbons (GACs) were selected for this study based on their widespread use and their diverse properties: WB (wood-based), BCB (bituminous coal-based) and LCB (lignite coal-based). Prior to use, the GACs were sieved (U.S. standard sieve designation: 16 × 20; particle size, 0.19-0.84 mm), washed with organic-free water (18.2 MΩ cm), dried in an oven at 110 ºC for 24 h and then stored in a vacuum-sealed desiccator. Two forms of EDTA were used, tetrasodium EDTA (solid, purchased from Fisher Chemicals; designated as "NaEDTA") and pure EDTA (liquid, manufactured by Promega, Molecular Grade, pH 8), at five different concentrations ranging from 1 × 10 -4 M to 1 M. Chelate treatment first involved contacting a volume of the chelate solution with 1 g of GAC for 24 h. Subsequently, the sorbent was rinsed with organic-free water (18.2 MΩ cm) to remove excess EDTA/NaEDTA solution, dried in an oven at 110 ºC for 24 h, and then stored in a vacuum-sealed desiccator until used.
Heat-treatment of the EDTA-and NaEDTA-carbons was conducted in a nitrogen atmosphere (1.2 ᐉ/min) using a furnace similar to that of Mazyck and Cannon (2000) . The material was poured through the top of a 1 in (inner diameter) quartz column, coming to rest on a porous frit that distributed the gases evenly through the sample. The reaction chamber was heated using a single-zone, electrical clamshell furnace. The temperature of a given GAC was monitored by inserting a thermocouple directly into the sample. Gases were controlled with flow meters and were heated via a horizontal tube furnace and heating tape prior to entering the base of the reaction chamber. Following thermal treatment, the samples were cooled to a temperature below 100 ºC before removal and storage.
Anhydrous Mn(II) chloride (ACROS, -80 mesh, 99+% purity) and organic-free water (18.2 MΩ cm) were used to prepare the adsorbate solution. Reagent grade hydrochloric acid and sodium hydroxide were used for pH adjustment.
Adsorption tests
Manganese ion solutions (100 mg/ᐉ) were prepared by dissolving MnCl 2 in organic-free water that had been purged with ultrapure nitrogen for 20 min to lower the carbon dioxide and dissolved oxygen concentrations. Following nitrogen purging and dissolution of MnCl 2 , the pH of the solution was adjusted to either 4 or 7 using HCl or NaOH while being continuously stirred. No further pH adjustments were made and the solutions were not buffered. Measurements of the pH were taken at the conclusion of the adsorption period, prior to filtration.
Batch adsorption tests were performed using 5000 mg GAC/ᐉ in 40 mᐉ borosilicate vials, the headspace being purged with ultrapure nitrogen before sealing. Samples were mixed on a rotator for 24 h at ambient temperature. Following contact, the pH was again measured (Fisher Scientific, Accumet Basic 15), the solution collected by vacuum filtration (0.45 µm cellulose filter paper; control tests confirmed that filtration did not influence the metal ion concentrations), and the filtrate was stored at 4 ºC until analysis. Adsorption data reflect the average of at least three replicates, with a standard deviation of 0.3 mg/g.
Analysis
The speciation of Mn(II) in aqueous solution was predicted using the Environmental Research Software MINEQL+, Version 4.5 (1998).
Metal ion concentrations were determined using inductively coupled plasma-atomic emission spectrometry (Perkin-Elmer Plasma 3200). Nitrogen adsorption isotherms (Nova 2200E or Autosorb-1; Quantachrome, Boyton Beach, FL) conducted at -196 o C were used to characterize the physical properties of the GACs, applying the BET equation over the relative pressure range 0.01-0.1 (Lowell et al. 2004 ) to obtain surface areas, and the DFT and BJH equations to ascertain adsorbent pore-size distributions (Tennant and Mazyck 2003) . Pore-size distribution replicates indicated differences of no greater than 6% in the pore volume over the range investigated. Mesopore volumes were calculated by applying the BJH equation to the nitrogen adsorption isotherms over a relative pressure range of 0.35-1.00.
The pH PZC values of the sorbents were determined by adding the material to nitrogen-purged organic-free water at a concentration of 10 wt%. After contact in sealed vials for 48 h, multiple pH readings for each sample were taken and then averaged.
The following methods were used to quantify the adsorption of the chelating agent by the carbons and to determine the properties of the final material: non-purgeable dissolved organic carbon (nPDOC) analysis (Tekmar Dohrmann Apollo 9000 HS), SEM imaging (SEM JSM 6400) and UV-vis spectrophotometry (HACH DR/4000U spectrophotometer). EDS analysis (SEM JSM 6400) was also used to confirm the presence or absence of Mn(II) ions in precipitates, while XRD analysis (Philips MRD X'Pert system) was used to obtain an understanding of precipitate crystallinity.
RESULTS
Manganese(II) chemistry
According to MINEQL analysis (Figure 1 ), at the initial pH of 7 the Mn(II) ion solutions contained primarily MnCl -3 (54%) and undissociated MnCl 2 (38%). Solution alkalinity, as measured by standard titration methods, was less than 2 mg/ᐉ CaCO 3 , while the dissolved oxygen concentration was less than 0.5 mg/ᐉ. 
Manganese(II) ion adsorption
Three commercially-available activated carbons (virgin carbons) with varying physical and chemical characteristics were investigated. Differences in precursor and activation techniques were reflected in the diverse surface areas and surface charges of the sorbents (see Table 1 ).
Consistent with published research (Bin Jusoh et al. 2005) , the Mn(II) ion adsorption capacity of each virgin carbon was minimal, ranging from zero to slightly greater than 3.5 mg/g (LCB: 0.00 mg/g; BCB: 1.28 mg/g; WB: 3.56 mg/g). Despite their comparable surface acidity levels, it is interesting to note the obvious difference between the adsorption capacities of the virgin LCB and BCB samples. This phenomenon is at present being studied in detail by us, employing a variety of thermal and chemical treatments to determine those properties of the carbons that promote Mn(II) ion adsorption. The preliminary results (not shown) are intriguing: increasing the surface acidity generally lowers the adsorption capacities of the carbons towards Mn(II) ions, whereas removing acidic functional groups increases their capacities. For example, heat treatment of LCB under anoxic conditions increased Mn(II) ion adsorption by more than 750%. From these data, we believe that Lewis base sites play an important role in Mn(II) ion adsorption by the virgin activated carbons. A discussion of these and other related tests will be included in a future publication.
Physical and chemical characterization of EDTA-treated activated carbons
The pore structures of the EDTA-treated activated carbons were characterized via nitrogen adsorption isotherms. Chelate treatment of BCB caused a 12% loss in surface area, most of which was concentrated in the micropores (Figure 2) . In contrast, WB and LCB both experienced micropore formation and pore widening following contact with the chelating agents, translating into a 30% increase in surface area. These apparent modifications to the physical structures of the sorbents were corroborated by SEM studies, where the corresponding micrographs showed evidence of the damage to the exterior carbon surface by the chelate (Figure 3 ). Although we are not aware of any publication reporting the occurrence of this phenomenon with activated carbons, the ability of EDTA to solubilize inorganic material is used in a number of fields ranging from environmental remediation (Kim et al. 2003; Di Palma et al. 2003) to medicine and dentistry (Hülsmann et al. 2003) . From this, we suggest that in this study the chelating agent removed compounds from the structures of the carbons, thereby altering their physical properties.
Spectrophotometric and nPDOC analyses were conducted to quantify chelate adsorption onto the virgin carbons. However, the changes in the carbon pore structure caused the release of carbon from the sorbents into solution, thereby altering the dissolved organic concentration to an unquantified extent and rendering both methods ineffective. In addition to altering the physical properties of the sorbents, contact with both EDTA and NaEDTA also modified the chemistry of the materials, making the surfaces considerably more basic. This was illustrated both in a loss of total acidity as well as in an increase in the pH PZC values of the carbons (see Table 2 ).
Manganese(II) ion adsorption: EDTA-treated activated carbons
As shown in Figure 4 , the physical and chemical changes generated by contact with the chelating agents increased the capacities of the sorbents towards the removal of Mn(II) ions from aqueous solution. Specifically, Mn(II) ion removal increased from 0 to 6.5 mg/g for LCB, from 3.5 to 14.7 mg/g for WB and from 1.3 to 7.9 mg/g for BCB. Interestingly, a dark rust-coloured material precipitated from the EDTA/NaEDTA-BCB samples [indicated as "(s)" in Figure 4 ]. EDS analysis of the solid confirmed the presence of Mn(II) ions; however, XRD analysis was unable to provide conclusive information regarding the crystallinity of the precipitate. The reason for the formation of the Mn(II) precipitate is at present unclear. Supplementary tests showed that neither EDTA-BCB nor NaEDTA-BCB released Mn(II) ions into the solution, thereby discounting the possibility that Mn(II) ions released from the carbons themselves catalyzed precipitation reactions.
Possible mechanisms for enhanced manganese(II) ion removal
As mentioned above, chelate treatment of the activated carbons altered the physical and chemical properties of the sorbents, thereby creating positively charged, basic surfaces (Table 2) with a greater capacity towards the adsorption of Mn(II) ions than their virgin counterparts (Figure 4) . Although the importance of basic functional groups is often over-shadowed by that of surface acidity, reports have been published which demonstrate that basic, positively charged carbons adsorb cations despite apparent electrostatic repulsion (Biniak et al. 2001; Radovic et al. 2001; Rivera-Utrilla and Sanchez-Polo 2003) . These authors suggested that the electron donor-acceptor properties of the graphene layers -originating from π-orbitals and free valence electrons -allow covalent bonding between the cation and the activated carbon. The results presented herein support this conjecture. The generation of an Mn(II) ion precipitate by the EDTA-and NaEDTA-treated BCB (Figure 4) suggests that π-electrons may have been involved in the following manner:
Similarly, unpaired valence electrons (>C•) may also have contributed to precipitation, as follows:
2OH -+ MnCl -3 (aq) → 3Cl -+ Mn(OH) 2 (s)
The steps suggested in equations (1)-(4) were examined by heating EDTA-BCB in a nitrogen atmosphere to remove oxygen functional groups and allowing greater participation of electrons in Mn(II) ion removal. Indeed, heating EDTA-BCB to 500 ºC increased its Mn(II) ion removal capacity by 66%, thereby supporting the proposed mechanisms for the chelate-treated BCB.
The absence of a precipitate with the chelate-treated LCB and WB samples suggests that the steps suggested in equations (1)-(4) did not play a dominant role in Mn(II) ion removal by these sorbents. Nevertheless, both materials exhibited a greater capacity for the removal of Mn(II) ions from the aqueous phase than their corresponding virgin precursors, despite having a lower number of Brönsted acid functional groups (Table 2) . Based on this observation and the documented physical changes to the carbon structure (Figures 2 and 3) , we suggest that chelate treatment facilitates the participation of the electrons on the carbon surface in Lewis base reactions. We advance the following steps as possible explanations for Mn(II) ion adsorption by the basic, chelate-treated carbons: (8) The relative importance of adsorption onto the basic sites as compared to ion exchange with Brönsted acid sites was explored by repeating the adsorption tests under acidic conditions (pH 4). At this pH, common Brönsted acid functional groups -such as carboxylic acid, with a pK a value of ca. 5 depending on its parent molecule -would be protonated, thereby minimizing electrostatic attraction and hindering ion-exchange processes. The results from these tests showed no loss in Mn(II) ion adsorption capacity ( Figure 5 ), suggesting that ion exchange with protonated groups was not the predominant adsorption pathway. The proposed mechanisms are further substantiated by a comparison between the initial and final solution pH values (Table 3) , which indicate that hydroxide ions may have been released concurrent to adsorption. NaEDTA, pH 4 NaEDTA, pH 4 NaEDTA, pH 7 NaEDTA, pH 7
NaEDTA, pH 7 EDTA, pH 4 EDTA, pH 4 EDTA, pH 4 EDTA, pH 7 EDTA, pH 7 EDTA, pH 7 
